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ABSTRACT

Processes controlling the interannual variation of mixed layer temperature (MLT) averaged over the
Niño-3 domain (5°N–5°S, 150°–90°W) are studied using an ocean data assimilation product that covers the
period of 1993–2003. The overall balance is such that surface heat flux opposes the MLT change but
horizontal advection and subsurface processes assist the change. Advective tendencies are estimated here
as the temperature fluxes through the domain’s boundaries, with the boundary temperature referenced to
the domain-averaged temperature to remove the dependence on temperature scale. This allows the authors
to characterize external advective processes that warm or cool the water within the domain as a whole. The
zonal advective tendency is caused primarily by large-scale advection of warm-pool water through the
western boundary of the domain. The meridional advective tendency is contributed to mostly by Ekman
current advecting large-scale temperature anomalies through the southern boundary of the domain. Unlike
many previous studies, the subsurface processes that consist of vertical mixing and entrainment are explic-
itly evaluated. In particular, a rigorous method to estimate entrainment allows an exact budget closure. The
vertical mixing across the mixed layer (ML) base has a contribution in phase with the MLT change. The
entrainment tendency due to the temporal change in ML depth is negligible compared to other subsurface
processes. The entrainment tendency by vertical advection across the ML base is dominated by large-scale
changes in upwelling and the temperature of upwelling water. Tropical instability waves (TIWs) result in
smaller-scale vertical advection that warms the domain during La Niña cooling events. However, such a
warming tendency is overwhelmed by the cooling tendency associated with the large-scale upwelling by a
factor of 2. In summary, all the balance terms are important in the MLT budget except the entrainment due
to lateral induction and temporal variation in ML depth. All three advective tendencies are primarily caused
by large-scale and low-frequency processes, and they assist the Niño-3 MLT change.
When the advective tendencies are evaluated by spatially averaging the conventional local advection of

temperature, the apparent effects of currents with spatial scales smaller than the domain (such as TIWs)
become very important as they redistribute heat within the Niño-3 domain. As a result, for example, the
averaged zonal advective tendency counteracts rather than assists the Niño-3 MLT change. However, such
internal redistribution of heat does not represent external processes that control the domain-averagedMLT.

1. Introduction

El Niño–Southern Oscillation (ENSO) is a major
mode of interannual climate variability in the tropical
Pacific that has worldwide climatic and socioeconomic
impact. El Niño and La Niña are the oceanic compo-
nents of ENSO. Numerous studies of El Niño/La Niña

events have been conducted using observations (e.g.,
Picaut et al. 1997; McPhaden 2004), theories (e.g.,
Schopf and Suarez 1988; Jin 1997), and numerical mod-
els (e.g., Zebiak and Cane 1987). The oceanic mixed
layer (ML) plays a critical role in the evolution of these
events (Zebiak and Cane 1987). The mechanism of the
mixed layer temperature (MLT) variation is very com-
plicated, even for the seasonal cycle (Kessler et al.
1998). The present study examines processes governing
the interannual variation of MLT in the eastern equa-
torial Pacific.
The interannual MLT balance at several Tropical At-

mosphere–Ocean (TAO) mooring locations has been
examined by, for example, Schiller et al. (2000) and
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Wang and McPhaden (2001, hereafter WM01). These
studies concern local heat budgets at a few equatorial
mooring locations as opposed to a balance over the
larger equatorial domain pertinent to ENSO. The
anomalous warming associated with El Niño/La Niña
events typically spans thousands of kilometers zonally
and hundreds of kilometers meridionally on both sides
of the equator. Because of smaller-scale processes such
as tropical instability waves (TIWs), it is by no means
clear if the local MLT balance is representative of the
balance for large-scale heat content (or averaged tem-
perature) of the eastern equatorial Pacific.
In the context of the local versus large-scale balance,

Lee et al. (2004) showed that the spatial average of
local zonal advection of temperature within the Niño-3
(5°S–5°N, 150°–90°W) region reflects internal redistri-
bution of heat by TIWs rather than external processes
that affect the heat content of the region. Conse-
quently, spatial averaging of local zonal advection of
temperature results in an anomalous cooling (warming)
tendency during the warming (cooling) phase of the
1997–99 El Niño (La Niña). This anticorrelation be-
tween zonal advective tendency and temperature
change does not describe the large-scale physics that
the interannual warming is associated with the eastward
movement of warm-pool water (Wyrtki 1975; Picaut et
al. 1997). To discern external effects from internal re-
distribution, Lee et al. referenced temperature fluxes
across domain boundaries to the spatially averaged
temperature of that domain. As such, for instance, an
inflow that is warmer than the average temperature of
a region would increase the region’s average tempera-
ture regardless of how heat is redistributed within the
domain. Zonal advection evaluated by such a formula-
tion results in a warming tendency for the Niño-3 re-
gion associated with El Niño events, which is consistent
with conventional expectation (Wyrtki 1975; Picaut et
al. 1997).
In the meridional direction, the eddies in the eastern

equatorial Pacific redistribute heat between equatorial
and off-equatorial regions (e.g., Hansen and Paul 1984;
Wang and McPhaden 1999). The eddy activities are
strongest around 2°–3°N (e.g., Halpern et al. 1988) but
are weak along the Niño-3 meridional boundaries. Con-
sequently the eddy’s contribution to meridional advec-
tion is mostly to redistribute heat within the Niño-3
domain. The eddy redistribution is one of three impor-
tant balance terms in the nonseasonal MLT balance
(Vialard et al. 2001). Yet, its significance as an external
factor controlling the Niño-3 MLT as a whole is not
obvious.
The vertical advective tendency in MLT budget is

one of the most poorly understood components of the
budget, mainly because its evaluation is difficult [e.g., in
observations as noted by Qiu (2002) or in a z-
coordinate model (Vialard and Delecluse 1998)]. Con-
sequently, it has often been inferred as a residual of the
MLT balance (WM01; Vialard et al. 2001). Yet the re-
sidual also contains errors associated with inaccuracies
in estimating other terms as pointed out by WM01.
Furthermore, budget analysis is complicated by the dif-
ficulty in separating the vertical advection from other
subsurface processes such as vertical diffusion. Without
such separation an assessment of large-scale versus
eddy processes among other issues becomes very diffi-
cult. Here we use a new discrete equation for the en-
trainment heat advection (Kim et al. 2006), which al-
lows the closure of MLT budget using output from a
z-coordinate model. The rigorous and explicit evalua-
tion of the entrainment heat advection greatly facili-
tates the analysis of the MLT balance (e.g., Kim et al.
2004). Thus, the rigorous evaluation will be utilized in
this study to elucidate the role of the vertical advection
in the MLT balance.
To summarize, in this paper we study the processes

controlling the Niño-3 MLT in the Niño-3 region by
directly evaluating zonal, meridional, and vertical ad-
vective contributions for the mixed layer. We adopt two
newly developed methods to facilitate the study,
namely the evaluation of the external advection of heat
(Lee et al. 2004) and a scheme to formally close the
MLT budget (Kim et al. 2006). Our analysis is per-
formed for the period of 1993–2003 that encompasses
three El Niño/La Niña events (1994–95, 1997–99, and
2002–03). By analyzing the three events we examine
how advective tendencies generally contribute to the
MLT balance.
This paper is organized as follows. In section 2, we

will describe the numerical model output used in this
study and evaluate the model fields. Section 3 presents
the large-scale balance controlling the averaged MLT
of the entire Niño-3 region. In section 4 we address
limitations of spatial averages of local advective ten-
dencies to understand processes controlling the Niño-
3-averaged MLT. Section 5 summarizes the findings.

2. General circulation model (GCM) products

The analysis fields and temperature budget output
used for this investigation are obtained from a data
assimilation product called Estimating the Circulation
and Climate of the Ocean (ECCO; more information
available online at http://www.ecco-group.org). The
model used is the parallel version of the primitive equa-
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tion Massachusetts Institute of Technology (MIT)
ocean GCM (Marshall et al. 1997). The spatial domain
is nearly global (80°S–80°N). Horizontal grid spacing is
1° globally except within 20° of the equator, in which
meridional grid spacing is gradually reduced to 0.3°
within 10° of the equator. There are 46 vertical levels
with layer thickness of 10 m in the upper 150 m and 21
layers above 300 m. The model employs two advanced
mixing schemes: the K-profile parameterization (KPP)
vertical mixing (Large et al. 1994) and the Gent–
McWilliams (GM) isopycnal mixing (Gent and McWil-
liams 1990). The model is forced by the National Cen-
ters for Environmental Prediction (NCEP) reanalysis
products (12-hourly wind stress, daily heat and fresh-
water air–sea fluxes) with the time means replaced by
those of the Comprehensive Ocean–Atmosphere Data
Set fluxes (da Silva et al. 1994). In addition to this im-
posed heat flux, model sea surface temperature (SST) is
relaxed to NCEP’s SST analysis with a time scale of 1–2
months using the formulation of Barnier et al. (1995).
The model was first spun up for 10 yr from rest using
climatological temperature and salinity (Boyer and
Levitus 1998) forced by seasonal climatological forcings
averaged from 1980 to 1997. Additional descriptions of
the model and comparison with various observational
data are provided by Lee et al. (2002). An approximate
Kalman filter and smoother (Fukumori 2002) are used
to assimilate anomalies of sea level and of subsurface
temperature obtained from the Ocean Topography Ex-
periment (TOPEX)/Poseidon (T/P) altimeter and the
Global Telecommunication System (GTS; D. Beh-
ringer 2002, personal communication), respectively.
The assimilation procedure corrects the temporal vari-
ability of the prior NCEP wind forcing through inver-
sion by the smoother, but does not correct the time-
mean wind or, consequently, the model’s time-mean
state. An earlier version of this system can be found in
Fukumori et al. (1999). The modification of the wind
forcing, although small in many regions, is effective in
bringing the model closer to the data that are being
assimilated. A detailed description of the principle of
the Kalman filter and smoother approach can be found
in Fukumori (2006). The resultant analysis fields are
consistent with the physics of the GCM such that the
property budgets (heat, salt, and momentum) are
closed. A previous example of applying this product to
study MLT balance is provided by Kim et al. (2004) for
the north-central Pacific.
To assess the fidelity of the assimilation product, we

first evaluate the mixed layer depth. Then we examine
the model’s temperature and velocities at the equator,
along with the simulated properties at the Niño-3

boundaries. The properties at the boundaries are im-
portant to the characterization of external processes
controlling the Niño-3 MLT.
The ML is determined diagnostically from the GCM

output fields such that the density at the ML depth is
larger than that at 5 m (i.e., the model’s surface level)
by 0.125 kg m�3. The density offset corresponds to a
0.5-K temperature difference between sea surface and
ML base at 35 psu and 20°C, which is a commonly used
criterion for the ML in the Tropics (e.g., Hayes et al.
1991; WM01). The isothermal layer depths derived
from expendable bathythermograph (XBT) observa-
tions and the model compare reasonably well with each
other (Fig. 1a), demonstrating the fidelity of the model
estimates. On average, the model’s isothermal layer is
too shallow by 6 m. This may be due to the mixing
coefficient in the model being too small. The smaller
range of temporal variability may also be due to an
underestimate in the variability in wind discussed later.
In this area, unlike regions to the west (Lukas and Lind-
strom 1991), a barrier layer is not so common and iso-
thermal layer depth and ML depth are almost identical
(Fig. 1a). The most noticeable change in the ML depth
is the shoaling during the La Niña in 1998 (Fig. 1b).
Figures 2–5 compare the estimated temperatures and

velocities between simulation and observation at the
TAO mooring locations at 5°N, 0°, and 5°S latitude and
at 140° and 110°W longitude. The velocity comparison
is performed only at the equator where current meters
are available. Hereafter, “simulation” or “model” re-
fers to the data assimilation product, not to be confused
with the model simulation prior to data assimilation.
The data and the model fields are averaged over 10
days and are sampled at depths around 10 and 45 m, the
depths that are mostly within the ML except at 0°,
110°W, where the ML depth is 22 � 8 m (time mean
and standard deviation). The model fields are interpo-
lated horizontally and vertically to collocate with the
data. Temperature and velocity are both reasonably
well simulated at all TAO mooring locations. The
warming and cooling in 1997 and 1998 as well as the
eastward current anomalies in spring and winter 1997
and the westward anomaly in spring 1998, both associ-
ated with the El Niño and La Niña, respectively, are
reasonably captured by the simulation. However, as
noted above, the assimilation does not correct time-
mean model biases. At the equator, the temperature
within the ML (10 and 45 m at 140°W, 10 m at 110°W)
has an average cold bias of 1.3 K. The cold bias is
common in ocean numerical models but its detailed
causes are not well understood (Jochum et al. 2005).
Zonal velocity at 110°W, 45-m depth has a bias of 44
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cm s�1, which reflects the model’s excess shoaling of
the mean depth of the Equatorial Undercurrent, which
may also be due to inaccuracies in vertical mixing as in
biases of ML depth.

The model’s corresponding wind estimates are com-
pared with observations in Fig. 6. Both zonal and me-
ridional components are reasonably estimated, but the
zonal component is somewhat more accurately esti-

FIG. 1. (a) Comparison of the model isothermal layer depth (ILD, thick gray) over the Niño-3 area with XBT
ILD (thin black) at the locations where XBTs are available. The model’s mixed layer depth (MLD) is shown in
black dots. The ILD (MLD) is determined such that the temperature (density) at the layer base is lower (larger)
than the 5-m value by 0.5 K (0.125��). (b) Domain-mean MLD from the model with even spatial sampling. All the
depth values are given every 10 days.

FIG. 2. Comparison of model temperatures (solid line) and observations at TAO locations (dots) at 140°W in the
Niño-3 area. Temperatures at (top) 0°, (middle) 5°N, and (bottom) 5°S are compared. To sample within an ML,
the comparison is performed at TAO nominal depths at (left) 10–20 and (right) 40–45 m. The simulated and
observed time series are averaged over 10 days.
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mated than the meridional winds. This difference re-
flects the accuracy of the NCEP reanalysis on the one
hand and the sensitivity of the assimilation on the re-
spective wind components on the other. Zonal wind
anomalies affect large-scale sea level and temperature
anomalies more than do meridional wind anomalies.
The temporal variabilities of temperature and veloc-

ity are comparable to observations, but in general the
latter is not as accurately simulated as the former rela-
tive to their respective variabilities. This difference is
partly due to the shorter spatial correlation distance of
velocity fluctuations compared to temperature variabil-
ity on the one hand and the relatively coarse spatial
resolution of the present model on the other. In par-
ticular, equatorial meridional velocities are dominated
by high-frequency signals associated with TIWs (Figs.
4c,d and 5c,d; e.g., Halpern et al. 1988). The periods of
the year when TIWs are active (boreal fall and winter)
are well simulated, but the particular high-frequency
fluctuations are generally incoherent with observations,
reflecting the unstable nature of TIWs. Moreover, the
model underestimates the magnitude of meridional ve-
locity fluctuation by about 50%. According to Jochum
et al. (2005), 1⁄4° horizontal resolution is sufficient for
simulating TIWs while 1°, as in our model’s zonal reso-
lution, is not. The magnitude of the meridional velocity

is sensitive also to the viscosity (Cox 1980), and the
mixing could be another reason for the weak simulated
TIWs.
The model’s discrepancies with observations do not

seem to influence the fidelity of the estimated MLT
budget at the equator. In particular, the pointwise MLT
balance at the equator inferred from the model fields is
consistent with the observational analysis of WM01
(appendix A). The relative agreement between the
model states and observations and the consistency of
the pointwise budget provides confidence in analyzing
the present model estimate to study the MLT balance
over the Niño-3 region.
Finally, the advective tendency that controls the

Niño-3-averaged MLT is determined by temperature
and velocity at Niño-3 boundaries, as we will show in
section 3. No current meter measurement is available at
the TAO mooring locations along the Niño-3 bound-
aries, so assessing the accuracy of the model’s total cur-
rent is difficult. Yet a significant portion of meridional
flow across 5°N and 5°S within the ML is Ekman trans-
port. Above 50-m depth along these boundaries Ekman
currents account for more than two-thirds of meridi-
onal transport in terms of time-mean and interannual
variability [Fig. 9 of Bryden and Brady (1985) and Fig.
4 of Meinen et al. (2001), respectively]. Then a com-

FIG. 3. Same as in Fig. 2, but for 110°W in the Niño-3 area.
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parison of zonal wind along 5°N and 5°S would be use-
ful for assessing the model’s meridional velocity. Figure
7 shows that model’s zonal winds at these latitudes
agree well with the measurements obtained from the
European Remote Sensing satellite scatterometers.
The corresponding temperatures from the model at 5°N
and 5°S, 140° and 110°W also show good agreement
with observations both in phase and magnitude (Figs. 2
and 3). These agreements in velocity and temperature

further strengthen our confidence in the model’s me-
ridional temperature flux across the northern and
southern boundaries of the Niño-3 region.

3. Processes controlling the Niño-3
domain-averaged MLT

The equation describing the balance of the spatially
averaged MLT change can be given as (Kim et al.
2006)

FIG. 4. Comparison of model velocities (blue) and observations at TAO locations (red for current meter records
and green for ADCP records) at 0°, 140°W at two depth levels: (a), (b) zonal velocities and (c), (d) meridional
velocities. The simulated and observed time series are averaged over a 10-day interval. The time span for ADCP
records at 10 m is not long thus the data are not plotted.
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d�T�
dt

� � 1
�Cp

�q

�z� 	 ��z
��zT ��z�0

� �u⊥
T � Tr�
ML 	 subsurface

	 �ML mixing�, 
1a�

subsurface � �1h �T
�h

�t � � �u⊥
T � Tr�
induct

� �w
T � Tr�
 	 ��z
��zT ��z��h, 
1b�

�T � �T� � T�h, 
1c�

where the angle brackets represent the volume-
weighted average over the Niño-3 ML and the braces
indicate an integral over ML boundary surfaces after
dividing by ML volume. Variables T, h, �, and � are
temperature, ML depth, density, and vertical diffusiv-
ity, respectively; q is the penetrative solar flux, and Cp

is the specific heat of seawater. Also, u⊥ and w are the
velocities normal to ML boundaries in horizontal and
vertical directions, respectively; �z � �/�z, and �T is the
temperature difference between ML water and en-
trained water. The subscript r denotes a reference. Spe-
cifically, Tr � �T � and is the volume-averaged MLT

FIG. 5. Same as in Fig. 4, but for 0°, 110°W.
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over the Niño-3 region at time t that permits assessing
advective contributions from independent directions
(Lee et al. 2004). The subscripts ML and induct denote,
respectively, the advective tendencies across lateral
boundaries within the ML and between the ML and the
thermocline (lateral induction).
The components of the rhs of Eq. (1a) define the

tendencies by surface heat flux, advection by horizontal
currents, subsurface processes, and ML mixing, respec-
tively. The subsurface processes are divided into en-
trainment heat advection and vertical mixing [Eq. (1b)].
The entrainment heat advection consists of temporal

ML depth variation (�T�h/�t), lateral induction, and
vertical advection (� {w(T � Tr)}). The vertical mixing,
��z(��zT)�, may be expanded as ��[��zT(z � 0) �
��zT(z � �h)] dx dy/V with V denoting the ML vol-
ume. The first term is the surface boundary condition
and is the sum of outgoing longwave, sensible, and la-
tent heat fluxes [��z(��zT)�z�0]. The second term is the
vertical mixing at the ML base [�z(��zT)�z��h]. The
last term in Eq. (1a), ML mixing, refers to the effect of
mixing that is other than the vertical mixing across the
ML base. This effect includes the contribution by the
GM mixing (more or less horizontal in nature) and the

FIG. 6. Comparison of the model wind forcing (thin black) with observations by buoys (dots) and ERS scatter-
ometer (thick gray) at 0°, 140°W and at 0°, 110°W: (a), (b) zonal and (c), (d) meridional components. The time
series are averaged over a 30-day interval.
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so-called nonlocal transport associated with the KPP
vertical mixing.
The formulation of our MLT budget analysis [as de-

scribed in Eq. (1)] has two improvements when com-
pared to previous analyses of the Niño-3 MLT balance
based on z-coordinate model output (e.g., Vialard et al.
2001). First, our formulation is characterized by the clo-
sure of the budget, made possible by a direct evaluation
of the entrainment component (�T�h/�t). Kim et al.
(2006) achieved the closure through rigorous determi-
nation of �T by using a discrete form based on the
numerical model’s temperature evolution and by in-
cluding an apparent warming tendency during ML
shoaling to account for the small gradient in the vertical
temperature profile within the ML (i.e., detrainment).
The second improvement is the use of a modified
boundary flux formulation proposed by Lee et al.
(2004) to evaluate the advective processes that affect
the Niño-3 MLT. The advective term as shown in Eq.
(1a), {u⊥(T � Tr)} 	 {w(T � Tr)}, is equal to {u⊥T } 	
{wT} because {u⊥Tr} 	 {wTr} vanishes due to nondiver-
gence, {u⊥} 	 {w} � 0. Therefore, the modified bound-
ary flux form {u⊥(T � Tr)} 	 {w(T � Tr)} is identical to
the conventional boundary flux form {u⊥T } 	 {wT }
when integrated over the entire boundary surfaces of
the Niño-3 ML domain. For a partial boundary such as
the west face of the Niño-3 domain, the conventional
temperature flux through it is not meaningful because
of the dependence on the definition of zero tempera-
ture. With the modified boundary flux form, the bound-
ary temperature is referenced to the domain-averaged

temperature, Tr, and thus the dependence on the defi-
nition of zero temperature is removed. Only water ad-
vected across the boundary with different temperature
from Tr affects the volume mean temperature. There-
fore the modified boundary flux form allows analysis of
temperature advection through individual boundary
surfaces of a domain.
The individual tendencies are evaluated and saved as

30-day integrals during model integration, except the
quadratic terms involving domain mean temperature
Tr. Since domain mean temperature is dependent on
specific volumes, terms {u⊥Tr} and {wTr} are evaluated
offline based on 10-day-averaged velocity and tempera-
ture time series archived during the simulation. Since Tr

slowly varies in time, discrepancies arising from ignor-
ing shorter time-scale correlation between the veloci-
ties and Tr are small as evidenced in comparisons with
states saved as 1-day averages (not shown). Since our
interest is interannual balance, we compiled mean sea-
sonal cycles of tendencies during the 1993–2003 period
and removed the mean from the tendencies (see appen-
dix B for the details of the seasonal budget). The re-
sultant quantities are referred to as nonseasonal ten-
dencies.
MLT balance is often presented in tendency space

(i.e., tendency as a function of time; e.g., WM01). The
tendencies usually have high-frequency signals that
complicate interpretation. For this reason, WM01 used
a 5-month low-pass filter for the tendencies in order to
highlight low-frequency signals. Moreover, to capture
the effect of a particular tendency during a certain
event or period, one has to visually integrate the ten-
dency in time. To alleviate these complications, we
present MLT balance by integrating each tendency
term in time starting from January of 1993, the begin-
ning of the study period (Fig. 8). The curves in Fig. 8 are
then in temperature space (K) instead of tendency
space (K s�1). The slope of a curve now represents the
tendency. The change in temperature space over a cer-
tain period gives an indication of how important a par-
ticular tendency is during that period. The low-
frequency signals are more evident in temperature
space than in tendency space. The magnitude of each
MLT balance component in temperature space is also
tabulated in Table 1 for the 1997–98 El Niño/La Niña
event.
Surface heat flux cools the ocean during the three El

Niños (late 1994, 1997–98, and 2002, Fig. 8a). The op-
posite happens during the La Niña events. This damp-
ing effect of surface heat flux is consistent with the
finding of WM01. They attributed the anomalous cool-
ing effect by surface heat flux during El Niño events to
the reduced shortwave radiation into the ocean associ-

FIG. 7. Comparison of the simulated zonal wind stress (thin
black) with respect to ERS scatterometer wind stress (thick gray)
along the (a) northern and (b) southern boundaries of the Niño-3
domain. The simulated and ERS winds are averaged over a 30-
day interval.
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ated with increasing cloudiness and greater latent heat
loss due to higher SST, and vice versa for La Niña
events. The GM mixing, which includes horizontal mix-
ing, and the KPP nonlocal mixing are relatively small

(Fig. 8a and Table 1; these two terms are shown to-
gether as ML mixing).
The warming and cooling by zonal advection during

the El Niños and La Niñas (Fig. 8b), respectively, agree
with conventional understanding, that is, eastward in-
trusion of warm-pool water during an El Niño and
westward retreat during a La Niña (Wyrtki 1975; Picaut
et al. 1997). The zonal advection contributes about a
3-K warming during the 1997–98 El Niño to the MLT
balance (Table 1). Its magnitude is comparable to the
total MLT change during the event. Thus, the zonal
advection is one of the important factors of the Niño-3
MLT changes. The meridional advective tendency is
also in phase with the MLT tendency, the details of
which will be discussed later in this section.
We now discuss subsurface processes (Fig. 8c).

Vertical advective tendency through the ML base,
w�h(T�h � Tr), has the same phase as the MLT varia-
tions. Analyzing the 1997–99 El Niño/La Niña, both
interannual changes in upwelling rate (w�h) and tem-
perature difference across the ML base (T�h � Tr) con-
tribute to the vertical advective tendency. During the
El Niño, the upwelling weakens in response to waning
trade wind, and depressed thermocline raises the tem-
perature of upwelling thermocline water (T�h) more
than the rise of the domain mean temperature (Tr) (not
shown). The opposite happens during the La Niñas.
Vertical mixing produces warming tendency during
the El Niños, and vice versa during the La Niñas. As
the thermocline deepens in the cold tongue region
during the El Niños, the vertical temperature gradient
decreases, and the vertical mixing at the ML base,
���T/�z|z��h/h, produces an anomalous warming.
Generally the vertical mixing tendency has the same
phase as the MLT tendency (Fig. 8c).
Entrainment tendency caused by the variation of ML

depth, �T�h/�t/h, contributes to slight warming during

TABLE 1. The time integral of Niño-3 MLT tendency components for the 1997–99 El Niño/La Niña (also shown in Fig. 8). Units are K.

Tendency component
Warming period

(Jan 1997–Dec 1997)
Cooling period

(Jan 1998–Dec 1999)

MLT 4.20 �5.91
Surface heat flux �5.16 5.48
KPP 	 GM mixing �0.54 0.94
Horizontal advection across domain boundaries within a mixed layer 3.23 �2.98
Zonal 2.74 �1.37
Meridional 0.49 �1.61

Subsurface processes 6.67 �9.35
�T�h/�t/h �0.13 0.14
Lateral induction (zonal) 0.37 �0.47
Lateral induction (meridional) 0.70 �0.84
Vertical advection 2.53 �2.72
Vertical mixing 3.20 �5.46

FIG. 8. Nonseasonal MLT balance over the Niño-3 area: (a)
overall balance, (b) advective processes within a ML, and (c)
subsurface processes. Each curve is a time integral of the compo-
nent of the nonseasonal MLT tendency, defined in Eq. (1). The
advective tendencies are computed using the modified boundary
flux form. See Eq. (1) for notations. The tendencies are computed
hourly, averaged over 30 days, and smoothed with three-point (90
days) running mean.
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the 1998 La Niña but is negligible relative to other sub-
surface tendencies (Table 1). This warming may be un-
derstood with the plots of �T, �h/�t, and �T�h/�t/h, pre-
sented in Fig. 4 of Kim et al. (2006), where they used
the same assimilation product as in this paper. In spring
1998, the ML shoals from about 45- to 25-m depth,
shedding off slightly colder water in the deeper part of
the original ML. Thus, the shedding results in a higher
MLT (i.e., an apparent warming effect). This warming
effect is enhanced by �T being more positive than nor-
mal in spring 1998 (Fig. 4 of Kim et al. 2006). A similar
warming is found in springs of 1995 and 2003, but its
magnitude is very small (Fig. 8c). Entrainment by lat-
eral induction is not a major term in the MLT balance
(Table 1). It is not straightforward to interpret the vari-
ability of the lateral induction tendency because of the
complicated geometry of the lateral interfaces that are
defined by horizontal variations in mixed layer depth.
In general, advective tendencies are contributed by

large-scale, low-frequency variations as well as high-
frequency fluctuations in the flow and/or temperature
fields. In the study region, TIWs that have a dominant
20-day period are a major source of the high-frequency
variability. To distinguish the relative contribution of
large-scale, low-frequency variability from that of
TIWs, we compare the advective tendencies computed
from temperature and velocity fields at every time step
of the model (hourly) with those estimated from 30-
day-averaged temperature and velocity. The 30-day av-
erage effectively filters out TIWs. Figure 9 presents
such a comparison for zonal, meridional, and vertical
advection, respectively. Large-scale processes dominate
the zonal advective tendency (Fig. 9a), shown by the
very close match between hourly and 30-day evalua-
tions. The importance of large-scale variability is shown
most clearly for the 1997–99 El Niño/La Niña event.
Most of the zonal advective tendency is contributed by
the flux through the western boundary, indicating the
large-scale zonal movement of the warm-pool water in
response to the variation of the trade wind. The same
mechanism applies to the 1994–95 and 2002–03 events
but with smaller magnitudes.
The meridional advective tendency is also associated

primarily with large-scale fluctuations in temperature
and velocity (Fig. 9b), again judging from the relative
insensitivity of the tendency to the 30-day averaging.
The tendency is contributed mostly by the flux through
the southern boundary. Furthermore, the advection of
nonseasonal temperature anomalies by seasonal cur-
rents is dominant [�s(T�s � T�r) during the 1997–99 El
Niño/La Niña, Fig. 10, where subscript s denotes values
at the southern boundary]. The following provides ad-
ditional explanation. The �s is southward, consisting

mainly of Ekman currents driven by the trade wind.
During the El Niño, the Niño-3-averaged MLT (T�r)
rises more than the temperature along the southern
boundary (T�s), therefore (T�s � T�r) is negative. Conse-

FIG. 10. Decomposition of the nonseasonal meridional advec-
tive tendency through the south boundary, shown as dashes in Fig.
9b and in this figure, into ones by the mean seasonal (overbar) and
the nonseasonal anomaly (prime) components of temperature (T )
and velocity (�). The time integral and three-point running mean
are applied to the tendencies. The subscript r denotes a domain-
mean reference. The � and T fields are 30-day averages. The thin
solid line is not strictly zero because of the division by the time-
varying Niño-3 volume.

FIG. 9. The time integral of nonseasonal advective tendencies
through five boundaries of the Niño-3 domain: (a) zonal, (b) me-
ridional, and (c) vertical. The tendencies are evaluated at two
temporal resolutions: hourly (solid) and 30 daily (dashed). All the
tendencies are smoothed using the three-point running mean (90
days). For improved presentation, the contributions through the
two boundaries in (a), (b) are plotted with an offset value. The
level dotted lines indicate the zero reference.
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quently there is a warming contribution by �s(T�s � T�r)
during a El Niño, and vice versa during the La Niña.
Both �s and (T�s � T�r) are governed by large-scale dy-
namics, as is the consequent meridional advective ten-
dency. The tendencies by the anomaly current in Fig.
10, ��s(Ts � Tr) and ��s(T�s � T�r), tend to cancel each
other, suggesting that they are probably artifacts of the
decomposition. The warming tendency by ��s(T�s � T�r) is
somewhat counterintuitive because in this La Niña pe-
riod both ��s and (T�s � T�r) are generally negative. Yet
closer examination shows that (T�s � T�r) in the far-
western region along 5°S turns out to be positive, lead-
ing to the warming effect. The tendency through the
northern boundary does not seem to have a consistent
pattern in time. The slopes of the hourly and 30-daily
curves of the north boundary tendency are similar most
of the time. This similarity indicates that, overall speak-
ing, TIWs do not play a major role in the meridional
advection through the northern boundary either.
Compared to the zonal and meridional advection, the

vertical advective tendency is affected by TIWs more
significantly (Fig. 9c). For example, the cooling by the
vertical advection during the 1998–99 La Niña corre-
sponds to the MLT decrease of about 3 K (solid curve;
Table 1). When the TIWs are filtered out from tem-
perature and velocity through the 30-day average, the
MLT decreases by about 7 K (dashed curve). In other
words, the 7-K cooling by large-scale, low-frequency
upwelling is counteracted by a 4-K warming due to the
TIWs. Therefore, the magnitude of TIW-induced ver-
tical advective heating is approximately half of that due
to large-scale cooling. TIW-induced warming effects
through vertical advection are not unique to the tropi-
cal Pacific Ocean. In a modeling study of the tropical
Atlantic, Jochum et al. (2004, their Fig. 15) also found
a time-mean warming tendency due to TIW-induced
vertical eddy flux at the depth of 20 m.
The time frame of this study covers three El Niño/La

Niña events: 1994–95, 1997–99, and 2002–03. The bal-
ance mechanism appears very similar among these
three warming–cooling events (Fig. 8). The overall bal-
ance is such that surface heat flux opposes the MLT
change while horizontal advection and subsurface pro-
cesses assist the MLT change. Only the magnitude of
each term is different from one El Niño/La Niña event
to another.

4. Comparison with spatially averaged local
temperature advection

Here we present the balance of the volume-averaged
MLT changes using a conventional formulation for ad-
vective contributions, that is, by spatially averaging lo-

cal advection of temperature (the product of local ve-
locity and spatial gradient of temperature). The pur-
pose is to compare the balance mechanism with that
inferred from the modified boundary flux approach
presented in section 3. The conventional formulation is
expressed as (e.g., Vialard et al. 2001)

d�T�
dt

� � 1
�Cp

�q

�z� 	 ��z
��zT ��z�0 � �
u,�� · �HT�

	 subsurface 	 �MLmixing�

subsurface � �1h �T
�h

�t� � �w�zT� 	 ��z
��zT ��z��h,


2�

where �H � (�/�x, �/�y) and the other symbols are the
same as in Eq. (1). The difference from the modified
boundary flux form in Eq. (1) is that the advective ten-
dency is a spatial average of the advection of local tem-
perature gradient. Hereafter, Eq. (2) is referred to as a
local advection form. When integrated over an entire
volume of a domain, the local advection form produces
an identical total advection to that given by the modi-
fied boundary flux form (Lee et al. 2004). However, the
individual directional advective tendency differs be-
tween the two forms, as compared below. The contri-
butions by all other components of the MLT balance
(Fig. 11) are the same as those described for the modi-
fied boundary flux form (Fig. 8). All the tendencies are
evaluated at hourly interval during the model’s integra-
tion. Seasonal cycles of the local advection tendencies
are consistent with those by Vialard et al. (2001). Below
we analyze the nonseasonal component of the advec-
tive tendencies.
Most noticeably, the spatial average of local zonal

advection warms the Niño-3 area during the 1998–99 La
Niña while it is almost inactive during the 1997 El Niño
(Fig. 11b). The anticorrelation between the advective
tendency and Niño-3 MLT change does not describe
the processes highlighted by the modified boundary
flux form, that is, the large-scale warming process
caused by the eastward advection of warm-pool water
toward the cold tongue region (Fig. 8b; Picaut et al.
1997; WM01) and vice versa during a La Niña. Instead,
the local zonal advection reflects the local warming in
1998–99 mainly by TIWs that are merely redistributing
heat within the Niño-3 domain (Fig. 12; Lee et al. 2004).

a. Internal heat redistribution by low-frequency
currents

As demonstrated above, the spatial average of local
advective tendencies can be dominated by advection
associated with TIWs, the currents with scales smaller
than that of the domain of interest. However, the local
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advective tendencies also contain the effect of advec-
tion by large-scale flow. In an attempt to separate ten-
dencies associated with smaller-scales features such as
TIWs from larger-scale current such as the equatorial
zonal flow, previous studies (Vialard et al. 2001;
WM01) have expanded velocity and temperature fields
into high- and low-frequency parts (i.e., the so-called
Reynolds decomposition). The rationale is that high-
frequency features tend to have smaller scales whereas
low-frequency signals usually have larger scales. Do ad-
vective tendencies associated with low-frequency,
large-scale currents represent the large-scale, external
advective processes described by the modified bound-
ary flux formulation? This is an issue not addressed by
Lee et al. (2004). Here we isolate the low-frequency,
large-scale advection by computing advective tenden-
cies using 30-day-averaged velocity and temperature
fields, which effectively filters out the contributions by
TIWs as they have a dominant period of about 20 days.
We refer to these as low-frequency advection.
Figure 13 compares the low-frequency advection in

zonal, meridional, and vertical directions evaluated us-
ing the modified boundary flux form (black curves) and
by spatially averaging the local advective tendencies
(gray dashed curves). If the two curves are close to each
other, that means the spatial average of the local ad-
vective tendencies is able to represent the external heat
source/sink as described by the modified boundary flux

FIG. 12. Simulated zonal advective tendency evaluated with the
local advection form (�u�T/�x) in December 1998, after depth
averaging within an ML. Units are in K month�1.

FIG. 13. The time integral of low-frequency advective tenden-
cies in the (a) zonal, (b) meridional, and (c) vertical, evaluated
using the modified boundary flux (black curve) and the local ad-
vection (gray curve) methods over the Niño-3 domain. The 30-day
mean velocity and temperature fields are used to compute the
tendencies. In evaluating the boundary flux tendencies in (a) and
(b), the flux through the induction boundaries (i.e., between a
mixed layer and a thermocline) is also included. This inclusion
makes the dark curves in this figure differ slightly from the sums
of the dashed curves shown in Figs. 9a,b. The gray curves are
replicas of the dashed curves in Figs. 11b,c.

FIG. 11. Same as in Fig. 8, but that the advective tendencies are
determined using the local advection form of Eq. (2). See Eq. (2)
for notations. In (b) the tendencies are evaluated at two temporal
resolutions using hourly (solid) and 30-day mean fields (dashed).
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formulation. If the two curves are different, the spatial
average of the local advection has significant contribu-
tions from internal redistribution of heat by low-
frequency currents.
In the zonal direction (Fig. 13a), the advective ten-

dencies evaluated by the two different formulation are
very close to each other. Therefore, the low-frequency
zonal advection evaluated by the local advective ten-
dency describes the effect of currents that encompass
the entire Niño-3 domain. This is because the anoma-
lous surface zonal flow–associated El Niño and La Niña
events span a larger zonal extent than the width of the
Niño-3 region. In the meridional and vertical directions
(Figs. 13b,c), the differences between the black and
gray curves become much more substantial, reflecting
the more dominant effect of internal heat redistribution
within the Niño-3 box in these two directions by low-
frequency currents. These are understandable for rea-
sons described in the following. In the meridional di-
rection, the low-frequency meridional Ekman flow has
a scale that is smaller than the meridional extent of the
Niño-3 box: the meridional Ekman flow changes sign
across the equator, and their magnitude changes sub-
stantially between 0° and 5°N(S), the boundaries of the
Niño-3 box. In the vertical direction, the magnitude of
low-frequency upwelling attenuates significantly from
the base of the mixed layer to the surface; in other
words, the vertical scale of the upwelling is not larger
than the depth of the mixed layer. From the similarities
and differences of the black and gray curves seen in Fig.
13, we conclude that the local advection may describe
the external advective heat source/sink for the Niño-3
region in the zonal direction by focusing only on low-
frequency signals. This is not the case in the meridional
and vertical directions because the scales of the flow in
the respective direction are smaller in comparison with
the corresponding extent of the Niño-3 mixed layer do-
main.
A general statement can be made from the above

analysis. As long as a low-frequency current has a scale
smaller than a domain of interest, internal redistribu-
tion may occur (such current will be hereafter called a
low-frequency subdomain-scale current). As another
example, let us consider the entire equatorial Pacific
surface layer. There is no zonal advection of heat across
the west and east land boundaries, based on the modi-
fied boundary flux method. However, the spatial aver-
age of low-frequency local advection describes the
westward surface current advecting cold tongue water
toward the warm pool. This creates a nonzero (rather
large) zonal advective tendency that merely reflects in-
ternal heat redistribution within the equatorial Pacific.

Again, the spatial scale of the zonal current is not large
enough in comparison with the domain size.
As we briefly mentioned earlier, some previous stud-

ies have applied Reynolds decomposition to character-
ize the relative contribution of low- and high-frequency
advection in the Niño-3 region using the spatial average
of local advective tendencies. How well do these pre-
vious analysis compare with our result based on the
same method of evaluating advective tendency? The
low-frequency, local advective tendencies in Figs. 13a,b
are consistent with Vialard et al. (2001, their Fig. 11d)
and Niiler et al. (2004) in that the zonal and meridional
tendencies generally assist the MLT change and the
meridional tendency is larger than the zonal one. Niiler
et al. further applied Reynolds decomposition, which
may compare with our decomposition results made
with the boundary flux analysis. Both Niiler et al. and
our studies (our Fig. 10) report that the mean current
advection of the temperature anomaly dominates the
meridional advective tendency. Yet the dominance of
the mean zonal current advecting the anomaly tem-
perature in Niiler et al. does not agree with our bound-
ary flux result. Niiler et al. used 5° � 1° resolution
observations while we use 1° � 0.3° resolution. Niiler et
al.’s balance is for “SST” at 15-m depth while we de-
scribe MLT. Also their local advection approach and
our boundary flux approach may lead to different find-
ings, as we described in this section. To make a more
relevant comparison, we need to apply their method of
spatiotemporal averaging to look at the 15-m-depth
temperature, which is beyond the scope of this study.

b. Internal heat redistribution by eddies

In the zonal direction, eddy redistribution is signifi-
cant, as described earlier with Fig. 12 and by Lee et al.
(2004). Here we further quantify the relative role of
internal heat redistribution by eddies and low-
frequency subdomain-scale currents. The internal re-
distribution is computed as local advection tendency
minus boundary flux tendency and its estimates are
summarized in Table 2. The redistribution by low-
frequency subdomain-scale zonal currents tends to be
small, while the redistribution by eddies is larger during
the 1998–99 La Niña period.
In the meridional direction, the spatial structure of

eddy redistribution in the Niño-3 region (Fig. 14) shows
that during the 1998–99 La Niña the tendency is posi-
tive at the equator, but it is negative away from the
equator. These features are the result of TIWs redis-
tributing heat meridionally. Because the warming effect
at the equator overwhelms the cooling effect off the
equator, the Niño-3 average of the local eddy meridi-
onal advection has a warming tendency during the La
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Niña (Table 2). The absence of such “warming” by
TIWs during the corresponding El Niño results in the
apparent anomalous “cooling” relative to the mean sea-
sonal cycle. However, the redistribution by the eddies is
smaller than that of the larger-scale subdomain-scale
currents (Table 2).
In the vertical direction, the eddy redistribution dur-

ing the 1998–99 La Niña is by far the largest among all
the redistributing agents (Table 2). Let

��
�h

0

w̃
�T̃

�z
dz � w̃
�h�T̃
�h� 	 �

�h

0 �w̃

�z
T̃ dz,

where the tilde denotes an eddy-associated anomaly.
We assumed T̃r � 0 because Tr is a domain mean and
would be a low-frequency signal. TIW-related vertical
velocity is the largest at about 60-m depth in this area,
and diminishes to zero at the surface. Therefore, �w̃/�z
is nonzero and the eddy vertical tendencies evaluated
by the two methods would differ from each other. In
fact, while the boundary flux method produces a warm-
ing effect by the eddy vertical tendency (e.g., in 1998 of
Fig. 9c; see also section 3), the local advection method
presents a cooling effect (Fig. 11c). The cooling ten-
dency is shown as well by Menkes et al. (2006) who
used the local advection approach. The vertical eddy
cooling tendency is a characteristic of the local advec-
tion method.

c. Local advection tendency versus boundary flux
tendency

Now let us compare the total (eddy plus low fre-
quency) local advective tendency with the modified
boundary flux tendency for the 1997–99 El Niño/La
Niña, to examine if the former can describe the external

heat source/sink represented by the latter. The spatial
average of local zonal advective tendency does not de-
scribe the warming process caused by the eastward ad-
vection of warm-pool water toward the cold tongue re-
gion during the 1997 El Niño and vice versa during the
La Niña (Lee et al. 2004). In the meridional direction,
local advective tendency varies by about 5 K during the
1997–99 El Niño/La Niña (Fig. 11b, solid green curve),
significantly larger than the external contribution of
about 2 K (Fig. 8b). Local vertical advective tendency
contributes to the MLT change by about 6 K during the
1997–99 El Niño/La Niña (Fig. 11c), which is larger
than about 3-K contribution by the external vertical
heat exchange (Fig. 8c). The difference arises most no-
tably because the local advection lacks the 4-K external
warming effect by the eddies during the La Niña
(shown in Fig. 9c).
The comparison of the advective tendencies between

local advection and modified boundary flux methods
indicates that, for all three directions, the spatial aver-
age of the local temperature advection cannot be inter-
preted as the external processes that control the tem-
poral change of the Niño-3 MLT. The comparison also
suggests that currents with scales smaller than the
Niño-3 domain such as the eddies and the low-
frequency subdomain-scale currents are very important
in redistributing heat within the Niño-3 domain. Yet
such internal redistribution is not very helpful in under-
standing the interannual variation of the Niño-3 vol-
ume-mean MLT. Our finding with regard to the differ-
ence between local advection and modified boundary
flux approaches has implications not only to the Niño-3
region, but to many other areas as well (e.g., midlati-
tude regions that have eddies within).
Our findings about the advective mechanism of the

Niño-3 MLT balance differ from Vialard et al. (2001).
They concluded that surface heat flux, subsurface pro-
cesses, and eddies (TIWs) are three major terms con-
trolling interannual changes in spatial-mean MLT
(their Fig. 11d). Although our local balance analysis
would have led to a similar conclusion (our Fig. 11), our
boundary flux approach has shown that surface heat
flux, subsurface processes, and large-scale horizontal
advection are the main contributors (Fig. 8a; Table 1).
TIWs significantly influence only the vertical advective
contribution to the MLT change, yet they are second-
ary to the effect of the large-scale upwelling (section 3).

5. Concluding remarks

We have analyzed the interannual balance of Niño-
3-averaged mixed layer temperature (MLT) for the pe-
riod of 1993–2003 using an ocean data assimilation

TABLE 2. Internal redistribution of heat within the Niño-3 do-
main by low-frequency subdomain-scale currents and eddies,
computed as a time integral of the local advection tendency minus
the boundary flux tendency. The tendencies associated with the
low-frequency subdomain-scale currents are shown in Fig. 13 after
a time integral. The eddy tendency is the hourly evaluation of
advective tendency minus the 30-day evaluation, shown in Figs.
11b,c (local advection approach) and Fig. 9 (boundary flux ap-
proach) after a time integral. As expected, the redistribution in
the three directions adds up to 0. Units are K.

1997–98 El Niño
(Jan 1997–Mar 1998)

1998–99 La Niña
(Mar 1998–Dec 1999)

Low
frequency Eddy

Low
frequency Eddy

Zonal �1.0 �1.7 1.9 3.8
Meridional 4.2 �1.6 �6.4 3.5
Vertical �3.2 3.2 4.4 �7.4
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product. The objective is to understand the processes
controlling the MLT in the Niño-3 region as a whole.
We employed two newly developed methods to facili-
tate the analysis. The first method is a modified bound-
ary flux formulation to evaluate external advective pro-
cesses (Lee et al. 2004), where advective components of
the MLT balance are evaluated as contributions
through the boundaries of a domain. The second
method is the discrete formulation of the entrainment
heat advection (Kim et al. 2006), which allows us to
close the MLT budget exactly using the z-coordinate
model output.
The overall balance of the Niño-3-averaged MLT is

such that the surface heat flux opposes the MLT change
while the horizontal advection and the subsurface pro-

cesses assist the change (section 3; Fig. 8). This overall
balance applies to all three El Niño/La Niña events
covered by the period of the study (1994–95, 1997–99,
and 2002–03). The zonal advection is primarily associ-
ated with the eastward intrusion and westward retreat
of the warm-pool water across the western boundary of
the Niño-3 region in response to the trade wind
anomaly (Fig. 9a). The meridional advective tendency
is characterized by the mean-seasonal Ekman current
advecting the large-scale temperature anomaly through
the southern boundary of the Niño-3 domain (Figs. 9b
and 10). The subsurface tendency is determined mostly
by vertical mixing and vertical advection. As the ther-
mocline temperature rises during El Niño events the
vertical mixing weakens and produces warming tenden-

FIG. 14. Same as in Fig. 12, but for the meridional advective tendency (���T/�y). Units are in K
month�1. The numbers 4, 8, and 12 correspond to April, August, and December, respectively.
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cies, and vice versa during La Niña events. The vertical
advective tendency is contributed by changes in large-
scale wind-driven upwelling as well as by tropical insta-
bility waves (TIWs). The two effects counteract each
other, with the large-scale effect being larger by a factor
of 2 (Fig. 9c). The entrainment heat advection associ-
ated with the temporal ML depth variation (�T�h/�t)
has a negligible effect on the MLT balance relative to
other subsurface processes.
The modified boundary flux approach for evaluating

the advective tendency leads to a conclusion that the
dominant terms of the balance are surface heat flux,
large-scale horizontal advection, vertical advection, and
vertical mixing at the ML base (Table 1). All three
advective contributions are primarily caused by large-
scale processes. Moreover, the three advective tenden-
cies are in phase with the MLT change.
In comparison, the spatial averages of the local ad-

vection of temperature (local advection approach) do
not well depict the large-scale and external advective
processes that control the averaged MLT of the Niño-3
domain. According to the local advection approach
(section 4), the zonal advective tendency is anticorre-
lated with the change of MLT during the 1997–99 El
Niño/La Niña events (Fig. 11), disagreeing with the
common understanding about the role of large-scale
advection of the warm-pool water during ENSO. The
local advective tendency could be dominated by inter-
nal redistribution of heat by the currents with spatial
scales smaller than the Niño-3 domain such as TIWs
and low-frequency (lower than TIWs’) currents. These
currents merely redistribute heat within the Niño-3 do-
main. However, such redistribution does not serve as a
heat source that warms the Niño-3 region.
Continuous and complete observations along the

boundaries of a large domain are impractical or even
impossible, making the application of the modified
boundary flux approach difficult with observational
data. In comparison, pointwise time-series measure-
ments (e.g., by the TAO moorings) allow the applica-
tion of the local advective method. Despite the limita-
tions described above, when properly interpreted, the
local advection approach may provide valuable insights
on a local process that could reflect large-scale balance
(e.g., the low-frequency zonal advective tendency).
The effects of TIWs on MLT balance (especially in

terms of the various budget terms) have not been well
documented. Our analysis suggests that TIWs do not
have a dominant direct contribution to the interannual
balance of MLT in the Niño-3 region as a whole. How-
ever, they are critical in redistributing heat within the
Niño-3 region. Moreover, they may influence MLT bal-
ance indirectly by affecting air–sea heat exchange (Jo-

chum et al. 2005 for a tropical Atlantic example). How-
ever their study suggests that oceanic heat gain from
the atmosphere induced by TIWs is compensated by
subsurface heat loss through entrainment, leaving the
net effect of TIWs on the MLT budget small.
We have concluded that the advective processes that

control the averaged MLT of the Niño-3 region on an
interannual scale are mostly large scale in nature. Does
our conclusion depend on the area of the study (e.g., a
smaller or larger region than Niño-3)? To examine this
issue, the MLT budget is analyzed using the boundary
flux form for an area defined by 2°N–2°S, 150°–90°W
(Fig. 15), noting that TIWs have the largest effects on
the MLT budget along these meridional boundaries
(Figs. 12 and 14). The zonal advective tendency is
hardly affected by the eddies. On the other hand, the
eddies have a sizable warming effect through the me-
ridional boundary in 1998 (Fig. 15b). Most of this
warming is from north of 2°N toward the equator (i.e.,
the region north of 2°N experiences cooling in late 1998
as shown in Fig. 14). Thus, when the boundaries of the
study intersect the eddies, TIWs become important.

FIG. 15. Same as in Fig. 8, except that the domain is bounded by
2°N–2°S, 150°–90°W. The advective tendencies are evaluated us-
ing the boundary flux form. The solid (dashed) curves for the
advective tendencies in (b) and (c) correspond to evaluations us-
ing hourly (30-day mean) fields.
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The eddy warming via the vertical advective tendency
of the 2°N–2°S box (Fig. 15c) is not as strong as the
Niño-3 case (Fig. 9c) because the area of the strong
eddy activity (2°–4°N) is excluded. Interestingly the net
effect of the eddies on the MLT budget is similar for the
1998–99 La Niña between the Niño-3 and 2°N–2°S ar-
eas (cf. the eddy contributions between Figs. 9 and 15).
Part of the heat transferred from the 2°–4°N band into
the equatorial band comes from the TIW-induced ver-
tical advective warming tendency in the 2°–4°N band.
In other words, there is some compensation of eddy-
induced meridional and vertical advective tendencies
within the Niño-3 domain. This finding is qualitatively
consistent with that of Jochum et al. (2004, their Fig. 15)
for TIWs in the tropical Atlantic. To summarize, the
individual advective tendencies are sensitive to the
study area as a result of the eddy effects, but the total
of the three advective tendencies is less sensitive to the
choice of areas. Finally, we note that the Niño-3 area is
analyzed in this study because its temperature is widely
used as an index to diagnose changes associated with
ENSO. Our findings help us to understand the pro-
cesses responsible for the change of this index.
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APPENDIX A

Local MLT Balance at 0°, 140°W and 0°, 110°W

To further evaluate the fidelity of the assimilation
product, we examine the consistency of the simulated
local MLT balance at the two TAO mooring locations
with the observational analysis of WM01. The MLT
balance at a point location can be written as (Kim et al.
2006)

��T�

�t
� � 1

�Cp
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�z�	
1
h

��zT |z�0 � �
u, �� · �HT �

	 subsurface 	 �ML mixing� 
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1
h
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�h
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� �w�zT � �

1
h

��zT |z��h,
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where the square brackets represent the depth average
within the ML. Note that �T is not the same as that for
the volume-mean balance in Eqs. (1) and (2). Other
notations are the same as in Eqs. (1) and (2). The MLT
budget closes precisely as demonstrated in Kim et al.
(2006). The advective tendency is computed at an
hourly interval during the model integration, thus re-
taining high-frequency components.
Figures A1 and A2 describe the MLT balance, Eq.

(A1), in a time-integrated form (from January 1993).
The local MLT balance at the two mooring locations
inferred from the model are generally consistent with
that reported by WM01’s observational analysis for the
1997–99 El Niño/La Niña. Surface heat flux opposes the
MLT changes (Figs. A1a and A2a), while subsurface
processes assist the changes (Figs. A1c and A2c). The
mechanisms for the surface heat flux and the subsurface
tendencies are very similar to those for the MLT aver-

FIG. A1. Nonseasonal MLT budget, defined in Eq. (A1), at
TAO mooring location at 0°, 140°W. See Eq. (A1) for notations.
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aged over the Niño-3 domain, thus, one may refer to
section 3 for a detailed explanation of the mechanisms.
Zonal advective tendency contributes to a weak

warming of the ocean at 0°, 140°W from late 1996 to
late 1997 (Fig. A1b), but has a slight cooling tendency
at 0°, 110°W in 1997 (Fig. A2b). Both contributions are
smaller than the subsurface processes at both locations.
Meridional advective tendency is negatively correlated
with the MLT change (Figs. A1b and A2b). The anti-
correlation reflects the warming effect of TIWs in late
1998 and their absence during 1997.
Results described above are in general agreement

with WM01, except for the cooling by the zonal advec-
tion at 0°, 110°W in 1997. This difference is due to
discrepancies in how gradients are evaluated. WM01
used a 4° differencing scheme while we use a 1° scheme.
Our results become comparable to WM01’s when their
differencing scheme is used. Their scheme was not
adopted here because it does not permit the closure of
MLT budget.
The reasonably good agreement with WM01 in terms

of the local MLT balance mechanism encourages us to
analyze the MLT balance over the entire Niño-3 region,
as described in section 3.

APPENDIX B

Seasonal MLT Balance

Here we evaluate the seasonal balance of the Niño-3
MLT using the boundary flux form. The seasonal cycles
of tendencies are compiled by averaging the raw ten-
dencies during the 1993–2003 period. The MLT has a
warming tendency from September to March and cor-
relates highly with the surface flux tendency (Fig. B1a).
The surface flux tendency is positive with the peak in
March (Fig. B1a). The shortwave incoming radiation
dominates the surface flux but is modulated by cloud
cover. The shortwave input has a semiannual cycle with
peaks in March and October. Around October the
cloud cover is greater than in March, resulting in the
March peak in the shortwave input and the surface flux
(Kessler et al. 1998).
The horizontal advection has a cooling tendency

throughout the year, with both the zonal and meridi-
onal advection cooling most of the year (Fig. B1b). To
examine the significance of the eddies in the horizontal
advective tendencies, the tendencies are evaluated us-
ing 30-day-average values of temperature and velocity.
The eddies explain about 50% of the meridional ten-
dencies from November to January when the eddies are
active (not shown), but in other months and in the zonal
tendencies their contributions are negligible. Thus, the
large-scale processes dominate the horizontal advective
tendencies.
The zonal advective cooling reflects the westward ad-

vection of the cold tongue water. Taking warmer water
in the western part of the Niño-3 domain westward out
of the domain would leave the averaged temperature of
the Niño-3 domain cooler, resulting in the cooling ten-
dency. The advective cooling through the western
boundary of the Niño-3 area is dominant over its east-
ern boundary counterpart (Fig. B1c). The spring weak-
ening of the cooling tendency is clear in the western
boundary flux and is a consequence of the weak east-
erlies in spring. According to other studies, the zonal
advection even warms the eastern tropical Pacific in
spring (Vialard et al. (2001) for the Niño-3 region;
Kessler et al. (1998) for 2°S–2°N, 120°–90°W;Wang and
McPhaden (1999) at the TAO mooring locations).
These studies used the local advection form to evaluate
the tendency. When we compute the zonal tendency
using the local advection form, indeed we find the
warming in spring (not shown).
The meridional advective cooling is the result of the

poleward divergence within a mixed layer driven by the
easterlies. One exception is the warming tendency
around September across 5°N (Fig. B1c). The warming

FIG. A2. Same as in Fig. A1 but for 0°, 110°W.
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FIG. B1. Mean-seasonal MLT balance complied over 1993–2003 in the Niño-3 area: (a) overall balance, (b)
advective processes within a ML, (c) advective tendencies through the four horizontal boundaries, and (d) sub-
surface processes. The tendencies are computed hourly, averaged over 30 days, and smoothed with a three-point
(90 days) running mean. The advective tendencies are computed using the modified boundary flux form.

FIG. B2. Simulated seasonal meridional velocity at 5°N and 5°S, averaged between 150°–90°W and over the
1993–2003 period: (a), (c) the depth mean within a mixed layer; (b), (d) the velocities at depths of 5 (dotted), 25
(solid), and 45 m (dashed).
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tendency in these months has to do with a southward
flow within a mixed layer across 5°N (Fig. B2a). The
southward velocity is a combined result of weak north-
ward Ekman divergence and strong southward geo-
strophic flow. In detail, around September the north-
easterlies near 5°N weaken (see the corresponding sur-
face Ekman current in the dotted curve of Fig. B2b) as
a result of the northward migration of the intertropical
convergence zone (a spatially coherent wind pattern is
found at 9°N, Fig. 9 of Kessler 2006). At the same time,
the southward geostrophic flow strengthens (dashes in
Fig. B2b). The seasonal strengthening of the geo-
strophic flow may be associated with the fall weakening
of the vorticity barrier along 8°N that usually blocks the
southward geostrophic flow across this latitude (Coles
and Rienecker 2001). In summary, the weak zonal wind
and the strong southward geostrophic flow are respon-
sible for the September warming tendency by the me-
ridional advection across 5°N. In comparison, the me-
ridional velocity at 5°S within a mixed layer is predomi-
nantly divergent due to the strong easterlies (Figs.
B2c,d), resulting in the cooling tendency throughout a
year.
The seasonal subsurface tendencies are as follows

(Fig. B1d). The vertical mixing at the ML base has a
cooling tendency, resulting from the mixing with the
cold thermocline water. The vertical advective ten-
dency cools the Niño-3 domain throughout the year,
indicating the large-scale upwelling. The cooling is the
most intense in boreal spring and weak in fall and win-
ter. This seasonality is due to the vertical advective
warming by TIWs. When the tendency is evaluated us-
ing 30-day averages of temperature and velocity, the
TIW-warming effect disappears [e.g., its curve becomes
very close to that of the vertical mixing throughout the
year (not shown)]. The warming by TIWs is consistent
with the similar warming presented for the nonseasonal
MLT budget in section 3. The other components of the
subsurface tendency (i.e., �h/�t and lateral induction)
are relatively small.
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